Abstract. In plastic injection mould and prosthesis industries, 'mirror-effect' polished surfaces are required for obtaining transparent parts or surfaces without scratches. Traditionally done manually, we have proposed to automate polishing on 5-axis machining centre using a passive elastomeric carrier. One of the main advantages of automatic polishing is the repeatability of the machine movements in order to achieve restricted form deviations. However, the material removal rate (MRR) during polishing depends on parameters such as contact pressure, relative velocity and tool wear. We have thus developed a model dedicated to our process to compute the effective MRR along the polishing tool path regarding the contact area and the contact pressure between the tool and the part.
Introduction
The development of High Speed Machining (HSM) has dramatically modified the organization of plastic injection molds and tooling manufacturers. HSM in particular reduces mold manufacturing cycle times by replacing spark machining but does not enable to remove the polishing operations from the process. As the usual polishing process is expensive in terms of price and downtime of the mold, we have developed an automatic polishing process on 5-axis machine tool [1] . Our approach consists in using the same tools as those used in manual polishing for prepolishing and finishing polishing (Fig. 1 ) . Prepolishing is performed with abrasive discs mounted on a carrier. This carrier is a deformable part made in an elastomer material fixed on a steel shaft that allows mounting in the spindle. Hence, we do not have a force feedback control but we manage the polishing force with the length of the tool introduced in the numerical controller. The polishing strategies are for the most part issued from previous experiences as for trochoidal tool paths ( Fig. 1 ) computed on fractal trajectories coming from robotized polishing or cycloidal weaving paths representative of manual polishing [2] [3] [4] . The main advantage of this process is the repeatability of the machine movements to respect the specified form deviation. Indeed, in manual polishing the material removal rate (MRR) depends on the polishing tool velocity and on the polishing pressure applied by the operator. An adequate polishing force facilitates the removal of cusps and stripes left on the part during milling or previous polishing operations. Nevertheless, the contact pressure has to be as constant as possible to avoid overpolishing and respect form deviation tolerances. Furthermore, even if the effective MRR is quit constant, the polishing time spent in every area of the part and consequently the polishing velocity along the tool path has to be constant and the distribution of the tool path has to be consistent.
The aim of the paper is thus to propose a tool to simulate the material removal during polishing. The final objective is to provide a tool to optimize polishing parameters along the tool path (spindle speed, feedrate, imposed displacement) and the tool path itself in order to In the next section several models of the material removal rate from the literature are presented. Then we will present our simulation tool and the tool wear evaluation. The section is dedicated to the modeling of the behavior of the disc carrier by using Finite Element Analysis. Simulations are analyzed in the fifth section through experimental investigations before concluding remarks in the last section.
Related works
The measurement or quantification of abrasion is most frequently given by the material removal rate (MRR), that is to say, the thickness of material removed per time unit. We can find two different approaches to model the MRR, the analytical models and the experimental models [5] .
The analytical models are based on modeling the interaction between the tool and the workpiece at the level of the abrasive particle [6] [7] [8] . We find these approaches in the electronics industry in particular for wafer polishing. The proposed models give an estimate of the material removal rate from all material characteristics (Young's modulus, hardness, Poisson's ratio), shape of the surface (type, size, distribution of asperities and particles) and the operating conditions (pressure, relative velocity, the effect of a chemical or fluid).
There is no comparable model for the realization of mechanical parts. The models used for polishing of these materials are rather experimental models. The experimental models are derived from the analysis of many polishing trials. The model of Preston [9] , developed within the context of glass polishing, is probably the one that remains today the most used (eq. 1). It states that the material removal rate is proportional to the average pressure of contact, P , and to the tool/part relative velocity V :
The coefficient of proportionality also called 'Preston coefficient' K is determined experimentally and depends on process parameters (part material, abrasive, lubrication, etc.). In their work, Luo et al. [10] studied the influence of the fluid for copper polishing. In addition to mechanical mechanisms, they highlight the fact that there are chemical mechanisms involved in abrasion. The proposed model is a slight evolution of the Preston model:
Where K 1 , B and R c are three constants to be determined experimentally. R c is the rate of material removal due to the chemical mechanism. Wang et al. [11] also proposed an extension of the Preston model for the manufacture of storage disk made of aluminum and magnesium alloy or glass-ceramic material:
K 2 and n are two constants to be determined experimentally. This model seems to give good results for different materials.
Finally, analytical models have the advantage of predicting the removal material rate from all process data, which can also be a drawback because the knowing of all the physicochemical properties of the polishing components is mandatory. Experimental models are used for diverse materials. Preston's equation was originally developed for polishing glass, but is now used for metal or semiconductor polishing. Whatever the model, the MRR always depends on pressure and relative velocity between the tool and the part.
However, literature models do not take into account the wear of the abrasive tool. Furthermore, these models have been developed for planar polishing on automatic machines. Thus, the contact area between the abrasive disk and the part is always a plane so that the contact pressure is uniform over the part. The relative velocity between the part and the tool is a combination of the tool and part rotation speed. In automatic polishing, the cutting speed V c of the tool is one hundred larger than the tool feedrate V f , and V f is not constant when polishing on a 5-axis machine tool [12] . The contact area and the pressure distribution could be determined by finite element computation, taking into account the disk carrier material behavior, inclination and position of the tool. This will be developed in the fourth section. In a first approach, we consider that the pressure distribution in the contact area is uniform and the form and size of the contact area are supposed constant. This allows the definition of our simulation tool presented hereafter.
Proposed model for material removal rate simulation
Our simulation tool is based on the Preston model to compute the cutting depth per time unit. It takes into account effective cutting speed at each point of the contact area as well as the effective feedrate. A global model is proposed first and in a second step, the tool wear, the geometry of the contact area and the pressure distribution are investigated and included in the model.
Global approach. As mentioned in the previous section, there are many abrasion models, but in mechanical and particularly for the polishing of molds and dies, the easiest model to use is based on the Preston equation (eq. 1). Using this equation for a small element of surface that can be assumed to be a plane of normal z, it is equivalent to write during a time variation ∆t:
The cutting depth ∆z is proportional to the polishing time spent on an area of the part, which is in contact with the disk. If the pressure and the velocity are kept constant during polishing, one can think that the M RR will be constant. Actually, the disk efficiency is different over the time because of its wear. Hence, the Preston coefficient K depends on time and it will be decomposed by the product of the initial Preston coefficient K 0 = K (t=0) and a decreasing time function representative of the efficiency of the abrasive disk (wear law) w(t).
The Preston coefficient K(t) can be expressed as follow:
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Hence the Preston equation becomes:
If we consider a constant cutting speed, we can define a nominal material removal rate M RR 0 :
In order to go further in the definition of the model, we need to define the contact area. In a first approach, the contact area is modeled by an ellipse with a minor axis 2a and a major axis 2b (Fig. 2) and the pressure distribution is supposed to be constant. The first step of the method consists in meshing the surface to polish and sampling the tool path according to a maximum length between points l max , initially fixed by the user.
The result is a list of n points M (i) such as:
Then for each point M (i) of the tool path, the contact area is positioned such as the point O (tool location) corresponds to the point M (i) and is oriented along the inclination direction θ (Fig. 3) . When the contact area is in place, any node j among the m nodes of the mesh is marked in a (n, m) dimension matrix Ins(i, j). Any point included in the contact area (red points) takes the logical value 1 and all others take the logical value 0. Along all segments i included between points M i and M i+1 , the feedrate V f and wear law w(t) are supposed to be constant. Thus the segment travel time can be approximated by:
Taking l max small enough allows making the assumption that the points in contact for the position M i still in contact during the entire segment i. Now it is simple to obtain the abrasion time T (j) for each node of the mesh:
Node included in contact area
Contact area We define the local abrasion time for each node T w(j) weighted by the tool wear:
Finally, the cutting depth D(j) at the node j is obtained by the relation:
We thus have exposed a model to predict the cutting depth based on a theoretical contact area between the tool and the part modeled has an ellipse with constant pressure distribution. The next section focuses on the definition of the tool wear.
Tool wear identification The tool wear has been identified experimentally by polishing plane stripes and measuring the polishing depth along the stripes. Since the feedrate has been kept constant during the test, the correlation between efficiency and time can be established. The tool wear evolution plotted in Fig. 4 corresponds to an abrasive paper of grade 600, a spindle speed of 2000 rpm, a feedrate of 1 mm/s and an impose displacement of 0.5 mm. The material is a mold steel X35CrM oV 5 (53 HRC). The model of the tool wear law associated to the experiment is the following:
w(t) = 0.29 + 0.71e
The next section focuses on the definition of the effective contact area by using finite element analysis.
Elastomeric carrier modeling
The purpose of this section is to model and simulate the effect of the deformation of the disc carrier on the pressure contact when pressed on the workpiece. At first approximation, the effect of rotation of the tool and subsequent heating of the carrier are neglected.
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Modelling of Machining Operations The geometry of the contact area and pressure distribution at the interface with the workpiece are computed regarding the imposed displacement and the angle between the tool axis and workpiece. The steel tool shaft is modeled as a virtual part of infinite rigidity in the simulation. In this section, the abrasive disk is not taken into account. Simulation results are compared to experimental investigations.
Numerical simulation set up The disc carrier is made of elastomeric material the composition of which is unknown exactly. Traction tests allowed us to determine the value of Young's modulus E (9 M P a). The Poisson coefficient has been set to 0.49 as most of the elastomeric materials. We consider an isotropic behavior of the disc carrier. The connection between the disc carrier and the shaft is modeled as a rigid joint and the part is considered as infinitely rigid. The desired displacement is imposed along the shaft axis. The disc carrier has a diameter of 18 mm and is meshed with tetrahedral elements of maximum size equal to 0.5 mm (Fig. 5) . Experimental validation To validate the numerical simulation, the tool has been photographed during its deformation on a plate of polycarbonate. The following pictures show the comparison for imposed displacements equal to 0.6, 1.4 and 1.8 mm (Fig. 6) . We see that there is a very good correlation between testing and simulation. It is interesting to observe how the contact area evolves according to the imposed displacement. For low compression, the contact zone is located at the front of the disk on a thin strip. When the compression increases, the contact area grows and divides into two peripheral areas. Finally, for larger compression, contact area as well as the maximum pressure converge to the inside edge of the disc carrier. There is also a loss of contact in the area at the front of the tool that does not appear clearly in the experimental results. We therefore have a modeling tool of the compression of the disk that gives satisfactory results regarding the geometry of the contact area. However, the distribution of pressure field at the contact has not been confirmed yet. 
Experimental investigations
The experiment allows us to show correlations and differences obtained between simulation and geometrical deviation. The test surface is a planar face the section of which is 50 × 50mm 2 machined in a stock made of X35CrM oV 5 (53 HRC) steel.
• The plane is milled using a 12 mm diameter hemispherical tool along parallel planes so that the scallop height is below 2 µm.
• Pre-polishing operation is performed with a 18 mm diameter abrasive disk made of silicon carbide (grade 600). Tool paths are trochoidal trajectories based on parallel planes (Fig. 7) . The distance between planes is set to 13 mm, the trochoid diameter and step are set to 8 mm and 0.8 mm respectively. The imposed displacement is 0.5 mm leading to a contact force of 5 N [1] . The programmed feedrate (2 m/min) is reached during most of the operation.
Measurements are carried out with a noncontact sensor based on chromatic confocal technology ( Fig. 8(a) ). Measurement steps along X and Y axes are set to 50 µm. Tool path has been superposed to the Z(X, Y ) cartography. It can be observed that the material removal is greater where the tool path overlaps, leading to geometrical deviation values up to 4 µm. The loss of polishing efficiency along the tool path is also visible. The following simulation includes the wear law w(t) computed previously. However the value of M RR 0 is not known before the simulation. Therefore the relevance of the results lies in the mapping of geometrical deviations rather than their absolute values. The first simulation is
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Modelling of Machining Operations computed by considering an elliptic contact area. The minor axis 2a (2.4 mm) is determined by measuring the area of the disk soiled by chips and the major axis 2b (5 mm) is determined by measuring the width of the polished area for a straight-line tool path. A constant and uniform pressure distribution P has been used. Thus, the result of this first simulation depicted on Fig. 8(b) shows the mapping of the local polishing time weighted by the tool wear T w(j) (eq. 12). We are able to distinguish the polished areas and where the tool path overlaps. It seems that the efficiency of the abrasive disk along the tool path is under estimated.
A second simulation has been computed by using the contact area issued from the finite element analysis without the abrasive paper (Fig. 8(c) ). This simulation represents the mapping of T w(j) (eq. 12 ). The contact area is included in the term Ins(i, j). There is a significant difference between simulation and measure.
The pseudo time (s) spent on each point of the surface is half as large as in the previous simulation. The contact area seems to be thinner than the real one. We are able to distinguish each arc of the trochoidal tool path. A third simulation including the abrasive paper has been conducted ( Fig. 8(d) ). The abrasive paper is introduced as an additional part with an isotropic behavior in the finite element analysis. An approximate Young modulus has been identified through a compression test of several superposed abrasive disks (E = 22 M P a). The thickness of the contact area is greater leading to a superior local polishing time. The abrasion topography is much more satisfying and is closer to the real part and to the elliptic simulation.
Conclusion and future works
In this paper we have presented a simulation tool to predict the geometrical deviation due to polishing operation with abrasive paper. The model is based on Preston equation and includes tool wear and contact area modeling. The simulation results highlight the difficulty of modeling the contact. The elliptic simulation, which is based on an experimental identification of the contact area, gives rather good results. Although the simulation of the deformation of the disc carrier is satisfying, the modeling of the contact area must be improved in the FEA simulation. The introduction of a pseudo abrasive paper in the simulation has been a first step to provide better results. Taking into account the shear and thermodynamic effects should also improve the modeling of the contact. The tool wear is established for the same set of tool and workpiece material and for the same polishing parameters. However, the abrasion efficiency seems to be under estimated. The simulation tool has been tested for planar polishing but we intend to extend our model on convex and concave surfaces. Then we will be able to tunes the polishing strategy (imposed displacement, feedrate and tool path) in order to manage the geometrical deviations on free form surfaces.
